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HIGHLIGHTS 


►  316L  stainless  steel  is  a  stable  and  competitive  oxygen-evolution  electrode  in  LiOH. 

►  A  catalytic  film  spontaneously  forms  during  operation,  heightening  the  electrode  performance. 

►  3000  h  of  operation  in  oxygen  evolution  in  LiOH  electrolyte  were  reached  experimentally. 
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The  use  of  commercial  316L  stainless  steel  as  a  simple,  stable  and  competitive  oxygen-evolution  elec¬ 
trode  in  alkaline  media  for  aqueous  lithium-air  batteries  has  been  studied.  In  addition  to  the  electro¬ 
chemical  characterization,  the  electrode  was  analyzed  by  scanning  electron  microscopy  (SEM), 
transmission  electron  microscopy  (TEM),  X-ray  energy  dispersive  spectroscopy  (X-EDS),  X-ray  photo¬ 
electron  spectroscopy  (XPS),  X-ray  diffraction  (XRD),  Raman  spectroscopy  and  elemental  analyses  via 
inductively  coupled  plasma  atomic  emission  spectroscopy  (ICP-AES).  The  spontaneous  formation  of 
a  catalytic  film,  during  the  aging  test,  gives  rise  to  interesting  electrode  performances.  Indeed,  this  film, 
containing  a  large  part  of  nanocrystalline  nickel  oxides  (83  at%  of  cationic  composition),  catalyzes  the 
oxygen  evolution  reaction  via  two  phenomena:  an  increase  of  the  roughness  of  the  electrode  surface  and 
a  hypo-hyper  d  interbonding  effect,  due  to  the  presence  of  well  dispersed  additives  of  Fe  and  Cr  in  the 
film. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  success  of  the  electric  vehicles  is  highly  dependent  on  the 
development  of  batteries  presenting  high  energy  densities,  safe  use 
and  low-cost.  Although  lithium-ion  batteries  [1-6]  have  met 
a  large  commercial  success  for  the  powering  of  portable  electronic 
devices,  their  limited  energy  density  (<200  Wh  kg-1)  and  their 
high  prices  are  both  drawbacks  for  the  electric  vehicle  market  other 
than  for  niche  applications.  Very  high  energy  densities  are  however 
possible  in  lithium-air  batteries,  because  oxygen  is  not  stored  in 
the  battery  but  is  directly  extracted  from  the  ambient  atmosphere, 
yielding  a  theoretical  energy  density  of  13  kWh  kg-1  (Li).  This  is 
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a  theoretical  value  based  on  the  weight  of  lithium  metal,  and 
a  practical  Li-air  systems  will  probably  not  reach  more  than  600- 
1500  Wh  kg-1  (because  of  kinetic  limitations  and  system  require¬ 
ments,  e.g.  excess  Li,  mass  of  “inactive  materials”  and  electrolyte) 
[7-10],  but  these  latter  values  are  still  3-8  times  larger  than  for  the 
present  state-of-the-art  lithium  generators. 

The  first  report  of  a  rechargeable  lithium-air  cell  originates 
from  Abraham  and  Jiang  in  1996  [11],  soon  followed  by  others  [12— 
15].  In  their  configuration,  the  electrochemical  reactions  occur  in 
organic  electrolyte,  to  produce  Li202  as  a  discharge  product.  This 
anhydrous  lithium-air  system  is  hindered  by  the  insolubility  of 
Li202,  which  generates  major  operational  problems,  like  blocking  of 
the  pores  in  the  air  electrode,  formation  of  a  resistive  layer  and 
large  charge  voltages. 

An  alternative  lithium-air  concept,  operating  under  aqueous 
electrolyte,  has  been  patented  by  the  PolyPlus  Company  in  2007 
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[16-18].  In  this  system,  the  lithium  metal  is  protected  from  the 
aqueous  electrolyte  by  a  lithium  ion  conducting  glass  film  [19,20] 
and  the  product  of  the  discharge  reaction  is  stored  in  the  aqueous 
electrolyte  and  not  in  the  air  electrode  [9,21,22].  The  electrode 
reactions  of  an  aqueous  Li-air  battery  correspond  to  Equations  (1  )— 
(3): 

Aqueous  (positive)  electrodes:  O2  +  2H20  +  4 e~  <-►  40H-  (1) 

Lithium  (negative)  electrode:  Li  <->  Li+  +  e“  (2) 

Global  reaction:  4Li  +  02  +  2H20  <-►  4Li+  +  OH  (3) 

A  standard  air  electrode  for  alkaline  electrolyte  can  be  used  in 
this  system,  such  as  those  developed  for  alkaline  fuel  cells  or  zinc- 
air  batteries.  However,  this  type  of  air  electrode  is  designed  to  work 
as  an  oxygen  reduction  reaction  (ORR)  electrode  only.  It  is 
composed  of  a  catalyst  supported  onto  carbon  powder  organized 
into  a  3D  porous  structure.  The  catalyst  and  carbon  materials  are 
subjected  to  corrosion  at  high  potential  during  charging  process, 
which,  coupled  to  the  oxygen  gas  evolution,  favors  mechanical 
breakdown  of  this  fragile  porous  structure  and  subsequent  elec¬ 
trode/system  failure.  The  use  of  a  third  electrode,  dedicated  to  the 
oxygen  evolution  reaction  (OER),  is  an  interesting  solution  to  avoid 
this  problem  [23-25]  (Fig.  1).  This  third  electrode  is  not  necessarily 
a  penalty  for  the  energy  density  of  the  battery,  because  it  can  be 
designed  to  be  lightweight  and  small  in  volume.  Moreover,  opti¬ 
mized  and  separate  catalysts  can  also  be  used  for  both  the  OER  and 
ORR,  which  would  enhance  the  system  stability  and  the  energy 
efficiencies  [7,24]. 

This  study  deals  in  particular  with  the  development  of  an  OER- 
dedicated  electrode  used  to  charge  of  the  aqueous  Li-air  battery.  In 
the  aqueous  lithium-air  developed  by  EDF  and  its  partners  [9],  this 
reaction  occurs  in  saturated  LiOH  to  produce  oxygen.  In  order  to 
reduce  the  costs,  the  chosen  material  should  preferentially  be 
selected  from  the  d-block  4th  period  of  the  periodic  table  (Fe,  Co, 
Ni,  ... ),  because  of  the  lower  price  and  larger  availability  of  these 
metals  compared  to  other  transition-metals.  Many  studies  have  in 
the  past  focused  on  such  cobalt-oxide-catalyzed  electrodes  (C03O4 
and  NiCo204).  However  the  long  term  performance  of  these 
catalyst-coated  electrodes,  made  by  different  fabrication  processes 
(sol-gel  or  electrochemical  deposition),  were  found  to  be  unstable, 
had  poor  performances  and  lacked  reproducibility  in  our  tests 
conditions  [26].  Simple  316L  stainless  steel,  which  was  chosen  as 
the  substrate  for  the  above-mentioned  cobalt  oxide  catalyst 
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Fig.  1.  Schematic  diagram  of  the  aqueous  Li-air  cell  developed  at  EDF.  It  contains  3 
electrodes:  one  Li  negative  electrode  and  a  dual  positive  electrode  composed  of  a  thin 
oxygen  evolution  electrode  (in  the  liquid  aqueous  solution)  and  an  air  electrode  for 
oxygen  reduction. 


Fig.  2.  Long-time  polarization  of  the  316L  stainless  steel  at  0.8  V  vs.  Hg/HgO  -  1  M 
KOH;  5  M  LiOH;  23  <  T  <  27  °C;  uncorrected  for  ohmic  drop;  statistical  data  obtained 
up  to  1800  h;  (E)  and  (CE)  symbolize  the  replacement  of  the  electrolyte  and  counter 
electrode,  respectively. 


deposits,  is  a  cheaper  alternative  for  the  development  of  an  OER 
electrode.  This  paper  provides  a  characterization  of  such  an  OER 
electrode  by  combining  physicochemical  analyses  (scanning  elec¬ 
tron  microscopy  (SEM),  transmission  electron  microscopy  (TEM), 
X-ray  energy  dispersive  spectroscopy  (X-EDS),  X-ray  photoelectron 
spectroscopy  (XPS),  X-ray  diffraction  (XRD),  elemental  analyses  via 
inductively  coupled  plasma  atomic  emission  spectroscopy  (ICP- 
AES),  Raman  Spectroscopy)  and  electrochemical  analyses  prior/ 
during/after  a  long-term  operation  (ca.  3000  h1). 

2.  Experimental 

The  electrochemical  characterization  of  the  electrode  was 
carried  out  in  a  three  electrodes  gas-tight  cell  (see  Supplementary 
Figure  SI ).  The  carbonation  of  the  electrolyte  by  C02  from  air  can 
therefore  be  neglected.  The  working  electrode  was  a  316L  stainless 
steel  plate,  provided  by  Goodfellow,  with  a  geometrical  surface 
area:  Sgeo  =  2  cm2;  the  apparent  current  densities  are  referred  to 
this  value.  The  reference  and  the  counter  electrodes  were  Hg/HgO 
-  1  M  KOH  and  a  copper  electrode  (Sgeo  ~  4  cm2),  respectively.  All 
potentials  were  expressed  versus  the  Hg/HgO  —  1  M  KOH  reference 
electrode  and  were  corrected  manually  for  the  iR  drop,  itself  being 
determined  from  the  high  frequency  resistance  values  measured  by 
electrochemical  impedance  spectroscopy.  Before  use,  the  elec¬ 
trodes  were  degreased  with  heptane/acetone  and  then  dried  in  air. 
The  electrochemical  tests  were  carried  out  with  a  numerical  VMP3 
potentiostat-galvanostat  from  Bio-Logic®. 

The  electrode  stability  tests  were  performed  at  a  constant 
potential  of  0.8  V  vs.  Hg-HgO/1  M  KOH.  The  current  was  inter¬ 
rupted  every  12  h  to  record  an  electrochemical  impedance  spec¬ 
trum  (galvanostatic  mode:  i  =  10  mA  cm-2,  Ai  =  0.8  mA  cm-2, 
105  Hz  >  /  >  0.15  Hz)  and  a  cyclic  voltammogram  (scan  rate- 
=  5  mV  s_1,  from  0  to  1  V  vs.  Hg-HgO/1  M  KOH). 

The  data  points  of  the  lifetime  measurements,  Fig.  2,  were 
acquired  in  the  middle  of  a  12  h  cycle,  e.g.  6  h  after  the  beginning  of 
the  polarization.  A  total  of  six  experiments  were  carried  out  and 
progressively  stopped  at  different  times  (250,  500,  750, 1000, 1800 
and  3000  h).  Statistic  data2  were  obtained  from  all  tests  except  for 


1  3000  h  is  the  equivalent  to  about  150,000  km  of  operation  for  a  combustion 
engine. 

2  There  are  six  replicates  up  to  250  h,  five  replicates  up  to  500  h,  four  replicates 

up  to  750  h,  three  replicates  up  to  1000  h  and  2  replicates  up  to  1800  h. 
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Fig.  3.  SEM  observations  of  the  316L  stainless  steel  surface  after  250  (A),  500  (B),  750  (C),  1000  (D),  1800  (E)  and  3000  (F)  hours  of  operation. 


the  3000  h  run,  which  has  only  been  performed  once.  Statistical 
information  (error  bars)  is  therefore  only  given  for  durations  below 
1800  h.  All  electrochemical  tests  were  performed  in  pure  5  M  LiOH 
electrolyte  in  order  to  be  more  representative  of  the  final  electro¬ 
lyte  of  the  batteries  (the  Li-air  battery  will  mostly  operate  beyond 
the  saturation  threshold  of  LiOH  [9]).  After  each  electrochemical 
experiment,  the  electrodes  were  delicately  rinsed  with  deminer¬ 
alized  water  in  order  to  remove  traces  of  LiOH  and  prevent  surface 
carbonation. 

SEM  observations  were  carried  out  with  a  HIROX  SH-1500  SEM 
equipped  with  an  XFLASH  410-H  semiconductor  Silicon  Drift 
Detector,  controlled  with  Esprit®  V1.8  software;  coupled  elemental 
analyses  were  performed  by  X-EDS,  at  an  accelerating  voltage  of  the 
SEM  of  10  kV.  This  low  value  was  chosen  as  a  compromise  to  limit 
the  electron  beam  penetration  depth  to  the  surface  layers  [27], 
whilst  keeping  enough  energy  to  collect  information  on  the  Cr,  Fe 
and  Ni  elemental  compositions.  The  X-EDS  spectra  were  averaged 
on  10  different  measurement  locations  in  different  areas  of  the 
samples.  TEM  observations  were  carried  out  using  a  Tecnai  G2  20  F 
microscope  operating  at  200  kV. 

The  corrosion  products  of  the  working  electrode  were  quanti¬ 
tatively  analyzed  by  determining  the  amount  of  iron,  chromium 
and  nickel  electrodeposited  on  the  counter  electrode.3  Each 
counter  electrode  was  dissolved  in  a  minimum  of  aqua  regia  and 
then  demineralized  water  was  added  to  50  mL.  The  elemental 
analysis  data  were  acquired  with  an  ICP-AES  Thermo  ICAP  6500. 
The  determination  of  the  residual  corrosion  products  in  the  elec¬ 
trolyte  was  not  possible  because  of  the  high  LiOH  concentration: 
the  required  dilution  would  have  led  to  a  maximum  resolution  limit 
of  0.7  mg,  too  low  to  provide  any  additional  information. 


3  Since  the  counter-electrode  operates  as  a  cathode  (the  working  electrode  being 
the  OER  anode)  at  a  potential  always  below  -1  V  vs.  Hg/HgO  —  1  M  KOH  during 
operation,  the  migration  and  redeposition  of  the  cations  of  these  elements  are 
favored. 


XPS  measurements  were  performed  at  10-10  mbar  with  a  XR3E2 
apparatus  (Vacuum  Generator)  using  a  Mg  Ka  X-ray  source 
(1253.6  eV)  and  a  hemispherical  analyzer  at  constant  pass  energy  of 
30.0  eV.  Before  the  measurement,  each  sample  was  degassed  for 
approximately  20  h  in  the  vacuum  chamber.  The  Cis  line  at  284.6  eV 
was  used  as  the  reference  binding  energy  (BE)  for  all  core  levels 
[28].  The  analyses  were  carried  out  at  an  angle  of  90°  between  the 
sample  surface  and  the  analyzer.  Relative  elemental  concentrations 
were  determined  using  Scofield  cross-sections  [29]  corrected  for 
the  kinetic  energy  of  the  particular  photoelectrons. 

X-ray  diffraction  patterns  were  recorded  with  a  PANalytical 
X’Pert  Pro  MPD  (Bragg-Brentano  configuration)  operating  at  45  kV 
and  40  mA  using  CuKa  radiation.  The  26  angle  was  varied  from  8°  to 
85°  using  a  step  size  of  0.04°  accumulating  data  for  14  s  per  step 
with  sample  rotation.  The  X-ray  beam  incidence  angle  was  set  at 
0.75°  (grazing  incidence,  GIXRD). 

Raman  spectra  were  acquired  using  a  Raman  microscope 
(Renishaw®)  with  an  Ar+  laser  operating  at  540  nm. 

The  SEM,  TEM,  XRD  and  Raman  analyses  were  performed  on 
electrodes  after  a  relaxation  time  superior  to  one  week.  Only  for  the 
XPS  analyses,  was  the  electrode  polarized  immediately  prior  to  the 
measurements. 

3.  Results 

3.1.  Global  results 

The  results  obtained  during  the  3000  h  of  OER  operation  are 
given  in  Fig.  2.  The  small  error  bars  demonstrate  the  reproducibility 
of  the  physicochemical  phenomena  in  these  conditions. 

The  variations  of  current  density  monitored  around  1000  h  of 
operation  can  be  attributed  to  a  change  in  concentration  of  the 
electrolyte  (both  the  OER  and  the  hydrogen  evolution  reaction,  at 
the  counter-electrode,  consume  water)  and  to  its  replacement.  At 
1800  h  of  operation,  the  electrolyte  and  the  counter-electrode  had 
to  be  replaced,  the  latter  because  the  electrical  connection  had 
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become  defective.  Also,  in  contrast  to  the  beginning  of  the  test,  the 
copper  counter  electrode  had  dissolved  and  formed  of  a  black 
deposit  on  the  working  electrode,  which  reduced  the  perfor¬ 
mances,  as  shown  in  Fig.  2.  It  is  possible  that  the  partial  dissolution 
of  the  working  electrode  (c/.  Section  3.3.1)  was  too  limited  to 
stabilize  the  counter-electrode  by  the  cathodic  electrodeposition  of 
corrosion  products  (especially  Fe).  After  2200  h,  the  working  elec¬ 
trode  was  cleaned  mechanically  with  a  wet  paper  to  remove  the 
black  copper  (inactive)  deposit  that  inhibited  the  316L  working 
electrode  operation.  The  electrolyte  was  also  changed  and  the 
copper  counter-electrode  was  replaced  by  a  316L  electrode,  in  order 
to  finish  the  test.  These  operations  resulted  in  an  improvement  of 
the  performance.  With  the  exception  of  these  experimental  prob¬ 
lems,  the  performances  of  the  electrode  were  stable  throughout  the 
whole  test.  The  next  section  will  focus  on  the  performances  ob¬ 
tained  up  to  1800  h  of  operation,  which  shows  sufficient 
reproducibility. 

Overall,  the  working  electrode  behavior  exhibits  two  trends:  an 
ascendant  phase  up  to  250  h  and  then  a  stable  period  of  perfor¬ 
mance.  Furthermore,  the  SEM  observations  of  Fig.  3  show  the 
formation  of  a  thin  porous  layer  (grain  boundaries  remain  visible  on 
all  observations).  This  layer  is  probably  responsible  for  the  good 
OER  performance  of  the  electrode  after  250  h  of  operation,  as  will 
be  discussed  later.  The  presence  of  the  thin  porous  layer  (film)  after 
3000  h  of  operation  demonstrates  its  good  adherence,  since  the 
electrode  was  washed  after  2200  h  of  operation.  Tests  carried  out 
for  a  316L  electrode  in  5  M  KOH  (not  shown  for  brevity,  see  Ref.  [26] 
for  details)  are  similar,  revealing  that  the  observed  behavior  is  not 
specific  to  LiOFI  electrolytes. 

In  order  to  understand  the  physico-chemical  processes  which 
occur  during  the  aging  test,  some  coupled  ex  situ  analyses  were 
performed  on  a  316L  electrode  which  operated  250  h.  This  duration 
corresponds  to  the  end  of  the  activation  period,  e.g.  the  moment 
after  which  the  performance  of  the  electrode  reaches  its  maximal 
(and  stable)  intensity. 


3.2.  Characterization  of  the  layer  formed  after  250  h  of  operation 

3.2 A.  Cationic  composition  of  the  layer 

The  X-EDS  analyses  of  Fig.  4  provide  global  information  about 
the  chemical  modification  of  the  electrode.  Firstly,  the  presence  of 
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Fig.  4.  X-EDS  spectrum  measured  at  the  316L  stainless  steel  electrode  surface  before 
and  after  250  h  of  operation  (5  M  LiOH;  0.8  V  vs.  Hg/HgO  -  1  M  KOH). 


a  small  amount  of  pollutant  is  detected.  The  Al  peak  can  be 
attributed  to  measurement  artifacts:  electrons  of  the  incident  beam 
that  are  backscattered  by  heavy  elements  of  the  sample  (e.g.  Fe,  Ni 
or  Cr)  can  reach  the  aluminum  sample  holder,  as  previously  re¬ 
ported  in  Ref.  [30].  The  Si  peak,  of  equal  intensity  on  both  new  and 
used  samples,  is  associated  to  the  slight  presence  of  Si  in  316L 
(around  0.75%  [31]),  as  is  for  Mo.  Finally,  the  slight  increase  of  C  at 
the  surface  of  the  aged  electrode  probably  results  from  some 
carbonation  in  the  aging  test  (the  solubility  of  CO§_  is  low  in  LiOH 
[32])  or  from  contamination  in  contact  with  air,  when  the  electrode 
was  removed  from  the  cell  and  rinsed  prior  its  drying  for  the  SEM 
and  X-EDS  analyses. 

By  analyzing  the  Ka  rays,  one  calculates  a  decrease  in  the  Fe  and 
Cr  contained  in  the  sampled  volume,  by  20%  and  15%,  respectively 
(Table  1 ).  In  opposition,  the  Ni  content  increases  by  90%.  The  same 
values  can  be  calculated  with  La  rays  for  Fe  and  Ni;  evaluating  the 
Cr  content  with  the  La  ray  does  not  lead  to  an  accurate  value, 
because  the  Cr  and  O  peaks  are  convoluted. 

As  the  film  formed  has  a  low  thickness  (70  nm,  cf  Fig.  8)  and  the 
electron  beam  energy  is  10  keV,  a  500  nm  of  penetration  depth  is 
estimated  for  compact  steel  [33].  The  analysis  therefore  corre¬ 
sponds  to  a  biphasic  volume  that  includes  the  whole  film  plus  an 
important  part  of  the  unmodified  (bulk)  316L  stainless  steel.  In 
order  to  get  more  precise  information  about  the  cationic  concen¬ 
tration  in  the  layer  under  study,  two  hypotheses  can  be  put  forth:  (i) 
the  film  composition  is  homogenous  in  volume  and  (ii)  the 
underlying  bulk  has  the  composition  of  316L  stainless  steel.  With 
these  assumptions,  an  estimation  of  the  Fe  and  Ni  content  in  the 
film  is  possible,  provided  the  Cr  content  is  fixed  (Fig.  5).  Cr  content 
was  considered  inferior  to  10  at%,  because  of  the  low  stability  of  Cr 
in  our  experimental  conditions  (alkalinity  and  potential)  and 
superior  to  5  at%,  because  lower  values  lead  to  unrealistic  Fe 
contents  below  0  at%.  This  representation  highlights  that  the  film  is 
highly  enriched  in  Ni  (>60  at%). 

Such  surface  enrichment  in  Ni,  was  confirmed  by  XPS  spectra 
(Fig.  6)  acquired  by  focusing  on  the  major  components  present  at 
the  electrode  surface,  i.e.  Ni,  Fe,  Cr  and  O.  The  cationic  composition 
of  the  film  is  83  at%  of  Ni,  10  at%  of  Fe  and  7  a%t  of  Cr  (Table  2). 
Although,  one  has  to  be  aware  that  the  Cr  content  detected  is  close 
to  the  resolution  limit  of  the  XPS  analysis  (1%  of  the  global 
composition  [34]),  these  results  agree  with  the  X-EDS  analyses  of 
Fig.  5,  which  validate  the  cationic  composition  of  the  film. 

The  last  important  point  highlighted  by  these  analyses  is  the 
volume/depth  homogeneity  of  the  film.  Indeed,  the  analysis  depth 
of  XPS  measurement  is  ca.  5  nm  [28,35],  while  X-EDS  provides 
information  about  the  whole  volume  of  the  catalytic  layer,  i.e. 
70  nm  ( cf  Fig.  8). 

3.2.2.  Structure  of  the  layer  and  structure  of  its  oxides 

The  large  oxygen  content  monitored  by  XPS  (Table  2),  is 
compatible  with  the  presence  of  metal  oxides.  Although  nickel 

Table  1 

Ka  or  La  peak  intensities  for  the  various  elements  sampled  and  their  variation  during 
the  aging  test,  as  measured  from  the  X-EDS  spectra  of  Fig.  3. 

Element  La  peak  intensity/a.u.  Ka  peak  intensity/a.u. 


New  Aged  Variation  New  Aged  Variation 
sample  sample  sample  sample 


Cr 

172 

144 

-16% 

Fe 

535 

434 

-19% 

278 

223 

-20% 

Ni 

146 

278 

+90% 

8.5 

16 

+88% 

Mo 

48 

37 

-23% 

C 

55 

127 

+130% 

Al 

15 

16 

+7% 

Si 

38 

36 

-5% 
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Fig.  5.  Estimation  of  the  Ni  and  Fe  atomic  content  in  the  formed  layer  at  the  stainless 
steel  surface  after  250  h  of  operation  (5  M  LiOH;  0.8  V  vs.  Hg/HgO  -  1  M  KOH); 
calculations  were  performed  by  fixing  the  Cr  content  in  the  range  5-10  at%. 


oxides  are  commonly  well  characterized  by  XRD  [36-38],  Fig.  7  does 
not  indicate  any  such  oxides  in  the  film,  even  though  the  experi¬ 
ments  were  performed  in  grazing  incidence,  e.g.  were  essentially 
sensitive  to  the  extreme  surface  of  the  electrode.  The  most  likely 
reason  is  the  presence  of  an  amorphous  phase  or  of  small  crystallites 
(0  <  5  nm).  The  TEM  image  of  Fig.  8(B)  and  the  electron  diffraction 
pattern  of  Fig.  8(C)  both  validate  such  hypothesis. 

The  slice  analysis  of  the  electrode  (Fig.  8(A))  reveals  the  struc¬ 
ture  of  the  thin  catalytic  layer.  Its  total  thickness  is  ca.  70  nm,  and  is 
quite  homogenous  over  the  surface  of  the  bulk  electrode.  One  also 
observes  a  porous  external  layer  of  ca.  45  nm  in  thickness.  These 
dimensions  confirm  the  SEM  observation  of  Fig.  3.  In  contrast,  the 
intern  part  of  the  film,  in  contact  with  the  bulk  electrode,  is  more 
compact  and  is  ca.  25  nm-thick. 

3.2.3.  Identification  of  the  nickel  oxide  phase 

Since  the  chemical  phase(s)  of  the  Ni-based  compound(s)  were 
not  identified  by  XRD,  the  chemical  bonds  in  the  film  were  studied 
by  Raman  spectroscopy  (Fig.  9).  The  Raman  spectrum  of  the  oxides 
film  on  316L  was  compared  to  that  of  a  film  formed  under  the  same 
electrochemical  process,  at  the  surface  of  a  pure  nickel  electrode.4 

The  peaks  measured  have  exactly  the  same  position,  which 
demonstrates  the  presence  of  similar  major  compounds  at  the 
surface  of  both  electrodes.  According  to  Refs.  [39-43],  these  char¬ 
acteristic  wavelengths  (iq  =  460  cm-1  and  V2  =  525  cm-1)  corre¬ 
spond  to  the  Ni-OFI  and  Ni-0  vibrations  mode  in  Ni(OH)2.  Despite 
the  lack  of  agreement  in  the  literature  about  specific  wavelengths,  if 
we  refer  to  Deabate  et  al.  [40],  the  compound  likely  is  oc-Ni(OH)2, 
e.g.  highly  hydrated  nickel  hydroxides. 

The  analysis  of  the  oxygen  content  in  the  film,  evaluated  by  XPS 
(Fig.  6),  confirms  the  presence  an  a-Ni(OH)2  phase.  The  2p3/2  peak 
position  for  nickel,  iron  and  chromium  are  855.5,  711  and  580.6  eV, 
respectively.  Since  these  measurements  were  carried  out  immedi¬ 
ately  after  polarization,  the  presence  of  a  blend  of  Ni11  and  NiUI,  Fem 
and  CrVI  (the  characteristic  peak  for  Cr111  is  near  577  eV)  is  likely 
[44-48].  Therefore,  in  accordance  with  the  thermodynamical  data 
[49, 50], 5  the  film  contains  Ni(OH)2  or  NiOOH,  FeOOH  and  Cr03. 
Hydroxide  phases  of  CrVI  were  not  indicated  in  the  thermody¬ 
namical  table,  but  as  the  Cr  content  is  low  (Table  2),  that  only 
slightly  affects  the  results.  In  summary,  each  iron  and  nickel  atom  is 
linked  to  2  oxygen  atoms  and  each  chromium  atom  is  linked  to  3 


4  The  reader  can  refer  to  Ref.  [25]  for  a  complete  description  of  the  electro¬ 
chemical  behavior  of  the  nickel  electrode  in  our  test  condition. 

5  Only  hydroxide  phases  were  considered  because  of  the  present  test  conditions. 


Fig.  6.  High  resolution  XPS  spectra  measured  at  the  316L  stainless  steel  surface  after 
250  h  of  operation  (5  M  LiOH;  0.8  V  vs.  Hg/HgO  -  1  M  KOH). 

oxygen  atoms.  Knowing  the  global  composition  of  the  film 
(Table  2),  one  can  calculate  a  ratio  of  2.3  free  oxygen  atoms  for  each 
metallic  cation,  which  validates  the  hypothesis  of  highly  hydrated 
phases. 

Hashimoto  [51  ]  found  similar  results  for  a  study  of  nickel-based 
alloys  under  polarization  at  0.2  V  vs.  SCE  in  50  wt%  NaOH,  but  he 
found  a  lower  quantity  of  free  water  molecules  for  each  metallic 
cation:  0.6.  This  difference  is  ascribed  to  the  high  electrode  potential 
favoring  a-Ni(OH)2  formation  [52-54].  In  addition,  the  value  of  2.3 
free  water  molecules  is  possible,  French  et  al.  [55]  having  indicated 
that  each  a-Ni(OH)2  moiety  can  contain  up  to  8  water  molecules. 
More  information  about  the  electrochemical  nickel  hydroxide/ 
oxohydroxide  system  can  be  found  in  Refs.  [26,52,53,56-59]. 

3.2.4.  Discussion 

By  using  several  analytical  techniques,  we  demonstrated  that 
the  layer  formed  at  the  31 6L  stainless  steel  electrode  during  the 
aging  test  is  largely  composed  of  nanocrystalline  nickel  hydroxides. 
Its  cationic  composition,  83  at%  of  nickel,  10  at%  of  iron  and  7  at%  of 
chromium,  is  a  priori  consistent  with  the  electrochemical 
measurements,  since  nickel  oxides  are  known  to  have  some  elec- 
trocatalytic  properties  toward  the  OER. 

Abreu  et  al.  [60],  in  a  similar  study  on  a  nickel-based  alloy  (Cr: 
29%/Ni:  43%/Fe:  22%),  monitored  the  formation  of  a  surface  film 
enriched  in  nickel  hydroxides,  during  voltammetric  sweep  in  0.1  M 
NaOH  (scan  rate  =  1  mV  s"1;  -1.4  <  E  <  0.6  V  vs.  Hg/HgO  -  0.1  M 
KOH).  They  also  studied  the  behavior  of  three  classical  steels  (AISI 
430,  AISI  304  and  AISI  316)  in  the  same  conditions.  Contrary  to  the 
nickel-based  alloy,  the  steel  surfaces  were  enriched  in  iron  oxides. 
However,  for  austenitic  steels  (AISI  304  and  AISI  316),  an  enrich¬ 
ment  of  Ni°  was  also  monitored  at  the  oxide/metal  interface. 


Table  2 

Film  composition  formed  at  the  surface  of  the  working  electrode  derived  from  the 
XPS  measurements  of  Fig.  5. 


Element 

Position 

(eV) 

Sensibility 

factor 

Intensity 

a.u. 

Atomic 
composition 
of  the  layer 

Cationic 

composition 

O 

530.7 

2.51 

305 

82  at% 

Ni 

855.5 

13.04 

220 

15  at% 

83  at% 

Fe 

711 

9.68 

23 

2  at% 

10  at% 

Cr 

580.6 

6.9 

14 

1  at% 

7  at% 
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Fig.  7.  GIXRD  pattern  of  the  316L  stainless  steel  surface  after  250  h  of  operation  (5  M 
LiOH;  0.8  V  vs.  Hg/HgO  -  1  M  KOH). 


These  observations  are  compatible  with  our  results.  Indeed,  in 
Ref.  [60],  steel  electrodes  were  cycled  in  cathodic  potential,  until 
the  potential  of  hydrogen  evolution,  i.  e.  -1.2  V  vs.  Hg/HgO  -  0.1  M 
KOH.  The  reduction  current,  clearly  visible  on  the  voltammograms, 
signs  nickel  surface  oxides  reduction  as  well  as  the  deposition  of 
chromium  and  iron  species,  which  had  been  dissolved  in  the 
previous  anodic  sequence.  This  explains  why  Ni°  enrichment  is 
located  at  the  oxides/metal  interface.  In  contrast,  for  the  nickel- 
based  alloys,  the  low  concentration  of  iron  and  chromium  is  not 
sufficient  to  form  a  Ni  free  film  covering  the  whole  electrode 
surface  after  the  redeposition  process.  In  addition,  this  low 
concentration  of  iron  and  chromium  on  the  external  part  of  the 
electrode  cannot  reduce  the  nickel  oxides  (nickel  being  electro- 
chemically  more  stable  than  iron  and  chromium  [49,60]). 

On  the  contrary,  during  our  test  conditions,  the  316L  electrode 
was  only  subjected  to  potentials  superior  to  0  vs.  Hg/Hg  —  1  M  KOH, 
incompatible  with  any  electrodeposition  process  of  the  dissolved 


■  316L  etectrode  after  250  h  of  operation 


Fig.  9.  Raman  spectra  measured  at  the  316L  stainless  steel  surface  or  the  surface  of 
a  pure  Ni  electrode  after  250  h  of  operation  (5  M  LiOH;  0.8  V  vs.  Hg/HgO  -  1  M  KOH). 

iron/chromium  species.  Moreover,  the  high  alkalinity  of  the  elec¬ 
trolyte  stabilizes  nickel  oxides  compared  with  iron  and  chromium 
oxides  [49,61-63]. 

3.3.  Behavior  in  operation 

The  physicochemical  data  of  the  previous  sections  clarify  the 
mechanism  of  the  catalytic  layer  formation  and  the  origin  of  its 
catalytic  properties.  The  voltammograms  acquired  between  each 
constant  polarization  period  further  provide  in  situ  information. 

3.3.1.  Film  growth  mechanism 

Fig.  10  displays  the  first  cyclic  voltammograms  obtained 
between  each  12  h  polarization  period.  The  evolution  of  the 
oxidation  peak,  observed  at  0.45  V  vs.  Hg/HgO/1  M  KOH,  is  of  great 
interest  to  understand  the  film  formation  mechanism.  As  discussed 


Fig.  8.  TEM  observation  (A  and  B)  of  the  oxides  layer  formed  at  the  316L  stainless  steel  surface  after  250  h  of  operation  (5  M  LiOH;  0.8  V  vs.  Hg/HgO  -  1  M  KOH);  electron  diffraction 
pattern  of  the  oxides  layer  (C). 


F.  Moureaux  et  al.  /  Journal  of  Power  Sources  229  (2013)  123-132 


129 


Fig.  10.  Evolution  of  cyclic  voltammograms  measured  on  the  316L  stainless  steel 
during  the  first  144  h  of  operation  (5  M  LiOH;  scan  rate  =  5  mV  s-1;  T  =  25  °C). 

in  Section  3.2,  this  peak  can  be  attributed  to  the  Ni(OH)2/NiOOH 
transition  [47,51].  In  that  respect,  NiOOH  is  likely  to  be  the  OER 
catalytic  species  at  the  surface  of  the  electrode  [53].  The  observed 
negative  shift  of  the  peak  is  indeed  a  well-known  behavior  of  nickel 
oxides  in  alkaline  medium,  linked  to  the  progressive  apparition  of 
a  more  important  fraction  of  y-NiOOH/a-Ni(OH)2  in  the  layer 
[53,54,59].  This  agrees  with  the  previous  analyses:  at  the  beginning 
of  the  experiment,  the  layer  was  thin  enough  to  enable  its  complete 
dehydration  during  the  cathodic  sweep,  but  the  layer  growth  pre¬ 
vented  its  complete  dehydration,  and  alternatively  favored  the 
increase  of  y-NiOOH/a-Ni(OH)2  instead  of  (3-NiOOH/(3-Ni(OH)2. 
Although  Fe  and  Cr  also  have  electrochemical  contribution  in  this 
transition  area  (see  the  following  sections),  as  a  first  approxima¬ 
tion,  the  total  electrochemical  capacity  can  be  attributed  to  the 
(Nim/Nin)  couple  only  for  the  sake  of  simplicity. 

Fig.  10  also  shows  a  rise  in  intensity  of  the  electrochemical 
peaks.  This  intensity  being  relative  to  the  quantity  of  Ni11  or  Nim 
contained  in  the  catalytic  layer  [53,64],  this  evolution  provides 
precise  information  about  the  growth  of  the  layer.  The  surface 
charge  involved  in  the  (Nin/Nim)  reaction  continuously  grows 
during  the  activation  period  (250  h  of  operation,  Fig.  11).  Since 
a  thickness  of  70  nm  was  measured  by  TEM  (Fig.  8),  a  growth  by 
electromigration,  such  as  proposed  by  Medway  and  et  al.  [64]  for 
a  film  growth  at  the  surface  of  a  nickel  electrode  during  electro¬ 
chemical  cycling,  is  improbable.  Medway  and  et  al.  indeed  indi¬ 
cated  that  the  layer  growth  by  electromigration  stops  after  50  h  of 
cycling,  which  corresponds  to  a  thickness  of  8  nm.  It  is  important  to 
note  that  this  result  is  not  linked  to  the  use  of  the  316L  stainless 


CSI 


Fig.  11.  Evolution  of  the  surface  charge  for  (Nim/Nin)  peak  recorded  on  the  cyclic 
voltammograms  during  the  electrode  activation  period  (5  M  LiOH;  T  =  25  °C). 


steel  electrode,  a  similar  behavior  has  been  observed  for  a  pure 
nickel  electrode  [26].  Therefore,  the  film  growth  mechanism  is 
most  likely  to  be  an  anodic  dissolution/precipitation  process. 
During  the  electrode  polarization,  the  metal  species  (at  an  oxida¬ 
tion  state  0)  are  dissolved  through  the  formation  of  ions  which 
instantly  precipitate  at  the  electrode  surface  because  of  their  low 
solubility.  By  comparing  the  solubilities  of  Ni,  Fe  and  Cr  ions,  the 
dissolution— precipitation  process  provides  a  good  explanation  for 
the  high  Ni  oxides  content  in  the  catalytic  layer.  Moreover,  such 
a  mechanism  also  accounts  for  a  thick  layer  growth,  in  contrast  to 
the  electromigration  mechanism,  and  is  also  compatible  with  the 
long-term  stability  monitored  (3000  h  of  stable  operation). 
Although  the  dissolution— precipitation  mechanism  leads  to  the 
formation  of  a  porous  layer,  the  part  of  the  bulk  electrode  not 
coated  with  oxides  is  protected  from  dissolution  by  the  formation 
of  bubbles,  which  remain  trapped  in  the  porosity  of  the  film  and 
prevent  the  electrolyte  access  to  the  bare  stainless  steel.  When  the 
polarization  is  stopped,  the  bubbles  are  released  and  electrolyte  can 
again  access  to  the  bulk  electrode,  which  enables  the  growth  of  the 
layer  at  the  start  of  the  next  polarization  period  (Fig.  12).  In  addi¬ 
tion,  this  behavior  explains  why  the  growth  slows  down  for  long 
operation  times  (Fig.  13):  thick  layers  hinder  the  electrolyte  access 
to  the  bulk  electrode. 

In  addition  to  the  316L  stainless  steel  electrode  behavior,  this 
study  highlights  the  critical  phase  which  impacts  the  system 
stability:  the  anodic  potential  applied  produces  a  very  moderate 
corrosion  of  the  electrode  and  a  slight  31 6L  stainless  steel 
consumption  (the  charge  passed  for  O2  evolution  during  the  3000  h 
test  is  ca.  105  times  larger  than  for  316L  corrosion,  as  will  be 
described  below). 

3.3.2.  Evaluation  of  the  long  term  stability  of  the  electrode 

The  31 6L  stainless  steel  electrode  displays  stable  catalytic 
performances  over  3000  h  of  operation  (Fig.  2),  but  one  can  wonder 
whether  this  stability  of  catalytic  performance  reflects  the  physical 
stability  of  the  316L  electrode.  By  considering  the  measured  surface 
charges  involved  in  the  (Nim/Nin)  transition,  the  chemical  compo¬ 
sition  and  the  growth  mechanism  of  the  film,  the  consumption  of 
the  electrode  can  be  estimated.  The  model  used  for  the  calculation 
takes  account  of  three  formulated  hypotheses:  (i)  the  chemical 
composition  is  constant  after  the  end  of  the  activation  period,  e.g. 
250  h;  (ii)  all  nickel  species  precipitate  at  the  electrode  surface;  (iii) 
the  surface  charge  involved  in  the  (Nim/Nin)  transition  contains  the 
contribution  of  the  Fe  and  Cr  species  in  the  catalytic  layer.  With 
these  assumptions,  the  surface  charges  measured  can  be  calcu¬ 
lated:  they  correspond  to  11.3%  of  the  total  dissolved  species;  the 
dissolved  corrosion  products  are  composed  of  80%  of  iron  species 
and  20%  of  chromium  species. 

Fig.  13  displays  the  surface  charge  involved  in  the  (Nini/Nin) 
transition  and  the  corresponding  calculated  bulk  electrode 
consumption  needed  to  form  the  film:  the  electrode  consumption 
is  only  315  nm  after  1800  h  of  operation.6  This  low  value  highlights 
the  very  low  impact  of  the  316L  electrode  corrosion  in  operation, 
which  clearly  demonstrates  that  316L  electrodes  can  be  used  as 
specific  OER  electrodes  in  the  aqueous  lithium-air  systems. 
Furthermore,  this  result  demonstrates  that  a  thin  (lightweight) 
electrode  can  be  used  for  a  long  period:  this  third  electrode  would 
not  penalize  energy  density  of  the  overall  system. 


6  The  total  coulometry  for  the  3000  h  of  test  would  correspond  to  a  consumption 
of  the  316L  by  5  cm  (3e  per  corroding  Fe  atom)  to  7  cm  (2e_  per  corroding  Fe 
atom)  of  metal  if  no  02  was  generated;  this  is  5  orders  of  magnitude  away  from  the 
measured  corrosion  of  the  316L  electrode,  therefore  demonstrating  the  OER  is 
nearly  exclusive  of  corrosion  reactions. 
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Fig.  12.  Scheme  of  the  catalytic  film  formation  during  the  polarization  period. 


In  order  to  validate  the  estimation  of  the  bulk  electrode 
consumption,  we  compared  these  calculations  with  an  experi¬ 
mental  measurement  of  the  corrosion  products.  Since  it  was  not 
possible  to  detect  the  presence  nickel  and  chromium  species  up 
after  1800  h  of  operation,  we  focused  the  comparison  on  iron.  The 
quantity  of  dissolved  iron,  measured  by  ICP-AES,  was  plotted 
against  the  estimation  of  dissolved  iron  given  by  the  model  (Fig.  14). 
The  correlation  between  the  model  and  the  experiment  is  good:  the 
slope  and  the  regression  coefficient  are  close  to  1.  The  negative 
constant  of  64  pg  implies  a  loss  of  matter  which  does  not  evolve 
with  time,  most  likely  due  to  the  cleaning  of  the  counter  electrode 
prior  the  chemical  analyses. 

3.4.  Electrocatalytic  performance 

3.4.1.  Origin 

Fig.  15  shows  the  voltammetric  profiles  (from  Fig.  10)  versus  the 
surface  charge  of  the  (Nim/Nin)  transition.  Since  NiOOH  is  the  active 
species  of  OER  [53],  this  figure  highlights  the  electrocatalytic 
properties  of  active  sites  during  the  activation  period. 

An  important  drop  of  the  active  site  performance  is  observed 
between  the  beginning  and  the  48th  hour  of  operation.  The 
decrease  of  iron  and  chromium  content  presented  in  Section  3.2  is 
consistent  with  such  rapid  drop.  Indeed,  in  the  case  of  spinel-type 
catalysts,  Singh  et  al.  [65-68]  have  shown  a  beneficial  effect  of  the 
interactions  between  low-d  electrons  structure  (e.g.  Cr,  V)  and  high- 
d  electrons  structure  (e.g.  Fe,  Ni,  Co).  It  is  a  common  phenomenon, 
defined  in  the  literature  as  the  hypo-hyper  d  interbonding  effect 
which  enables  the  reactivity  and  selectivity  of  catalysts  to  be 
modulated  toward  a  specific  reaction  [35].  The  hypo— hyper 
d  interbonding  effect  is  a  short-distance  phenomenon,  because  it 
involves  interactions  from  the  quantum  properties  of  atoms: 
cations  can  only  interact  with  their  nearest  neighbors  [69].  That 
means  that  a  perfect  homogenization  at  atomic  scale  is  needed  to 


observe  this  effect.  It  is  therefore  highly  dependent  on  the  fabri¬ 
cation  procedure  of  the  ( electro  )catalysts. 

Experiments  with  pure  nickel  electrodes  led  to  lower  catalytic 
performance  than  the  316L  electrode  [26],  even  though  the  cata¬ 
lytic  films  have  approximately  the  same  cationic  composition.  This 
is  probably  due  to  the  different  insertion  of  Cr  and  Fe  in  the  catalytic 
layers  in  the  two  cases.  Whilst  for  the  316L  stainless  steel  electrode, 
Fe  and  Cr  atoms  are  integrated  into  the  surface  layer  during  the 
nickel  species  precipitation,  which  enables  a  perfect  homogeniza¬ 
tion,  the  presence  of  Fe  and  Cr  species  in  the  film  at  the  nickel 
electrode  can  only  originate  from  anodic  deposition  of  corrosion 
products  of  the  stainless  steel  counter-electrode;  they  are  dispersed 
in  the  film  in  an  agglomerate  form,  incompatible  with  the  hypo- 
hyper  d  interbonding  effect  mentioned  above.  Similarly,  one 
cannot  exclude  that  the  initial  additives  (Mo,  Mn,  Si,  etc.)  in  the 
31 6L  stainless  steel  also  positively  affect  the  catalytic  performance. 

Fig.  15  also  shows  the  stabilization  of  the  voltammograms  ob¬ 
tained  at  96  and  144  h  whereas,  in  the  same  period,  the  global 
performance  of  the  electrode  keeps  improving  (Figs.  2  and  10).  The 
former  result  indicates  that  the  catalytic  layer  has  reached  its  final 
cationic  composition  after  96  h  (see  Section  3.2),  e.g.  the  one  which 
is  stable  in  our  test  conditions.  If  this  is  the  case,  the  performance 
increase  monitored  after  96  h  reflects  an  increase  of  the  electrode 
roughness,  a  purely  geometrical  factor.  Nevertheless,  the  layer 
keeps  on  growing  all  along  the  experiment  (Fig.  13),  whilst  the 
measured  current  density  stabilizes  after  250  h  of  operation.  That 
implies  that  the  active  sites,  within  the  depth  of  the  film,  are 
blocked  by  bubbles  that  prevent  any  access  to  hydroxyl  ions. 

Since  an  activation  of  250  h  period  of  this  electrode  would  be  too 
long  to  be  economically  viable  in  a  practical  system,  an  ex  situ 
process  was  developed  to  accelerate  the  film  formation:  7  h  are 
necessary,  in  comparison  to  250  h,  for  having  the  best  performance 
of  the  electrode  (not  shown  here  for  brevity)  [26]. 
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Fig.  13.  Evolution  of  the  total  electrochemical  surface  charge  for  (NimNin)  peak  and 
evolution  of  the  316L  stainless  steel  electrode  consumption  during  the  aging  experi¬ 
ment  (5  M  LiOH;  T  =  25  °C). 


Fig.  14.  Comparison  of  the  quantity  of  dissolved  iron  measured  by  ICP-AES  and  esti¬ 
mated  by  the  calculation  model,  for  acquisitions  at  250,  500,  750, 1000  and  1800  h  of 
operation. 
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Fig.  15.  Voltammetric  profiles  related  to  the  real  surface  of  the  316L  electrode  (5  M 
LiOH;  scan  rate  =  5  mV  s-1;  T  =  25  °C). 


Table  3 

Apparent  electrocatalytic  performance  of  some  OER  catalysts  in  1  M  KOH. 


Catalyst 

E/mV  vs. 

[Hg/HgO  -  1 

M  KOH]  at  i  = 

100  mA  cm-2 

Ref. 

Activated  31 6L  stainless  steel 
electrode 

630 

Fig.  16 

La  doped  C03O4  by  microwaves 

530 

[69] 

ZnCo204 

600 

[71] 

Mixed  oxides  of  Co  and  Ni 

610 

[72] 

FeMo04 

610 

[66] 

Ctio.9C02.1O4 

623 

[73] 

CoFe2_xCrx04 

615-698 

[74] 

NiFe2_xCrx04 

650-690 

[65] 

NiFe2_xVx04 

690 

[64] 

Lai_xSrxCo03 

690 

[75] 

Co304  by  thermal  decomposition 

700 

[76] 

Li  doped  Co304  by  sol— gel  process 

760 

[77] 

LaNio.9Feo.1O3 

900 

[78] 

3.4.2.  Electrocatalytic  performance  of  the  316L  stainless  steel 
electrode  toward  OER 

In  order  to  estimate  the  electrocatalytic  performance  of  the 
surface  layer  (after  250  h  of  operation),  a  steady  state  polarization 
curve  was  measured  at  a  potential  sweep  rate  of  0.1  mV  s_1  in  1  M 
KOH  (Fig.  16).  The  potential  value  measured  at  i  =  100  mA  cm-2, 
was  compared  to  the  ones  obtained  for  various  catalysts  studied  in 
the  literature  (Table  3).  With  a  potential  of  630  mV  vs.  Hg/HgO  - 
1  M  KOH,  the  catalytic  layer  formed  at  the  surface  of  the  316L 
stainless  steel  electrode  is  a  very  competitive  catalyst.  Only  one 
catalyst  shows  a  higher  performance,  but  the  study  of  Singh  et  al. 
[70]  does  not  provide  information  about  the  electrode  stability. 

In  addition,  our  catalytic  layer  was  formed  in  a  5  M  LiOH  elec¬ 
trolyte.  De  facto,  this  result  does  not  reflect  the  electrocatalytic 
performance  of  a  film  formed  in  another  electrolyte  (e.g.  1  M  KOH  or 
5  M  KOH).  The  equilibrium  state  of  the  film  would  probably  differ  in 
terms  of  cationic  composition  or  roughness  factor  because  of 
different  constraints  (electrolyte,  applied  potential,  ...)  [26].  It  is 
therefore  important  to  develop  catalytic  films  in  conditions  close  to 
those  found  in  the  application,  e.g.  in  saturated  LiOH  for  aqueous  Li- 
air  batteries. 

From  Fig.  16,  a  Tafel  slope  close  to  40  mV  dec-1  is  determined; 
a  similar  result  was  obtained  by  Lyons  et  al.  [53]  for  nickel  oxides 
used  as  OER  catalyst.  Considering  the  results  obtained  in  5  M  KOH 


Fig.  16.  OER  steady  state  polarization  curve  for  an  aged  316L  electrode  (scan 
rate  =  0.1  mV  s4;  1  M  KOH;  T  =  25  °C). 


[26],  it  is  possible  to  correlate  these  data  to  the  reaction  pathway 
proposed  by  Yeager  (Equations  (4)— (6))  [53],  in  which  S  correspond 
to  the  actives  sites  of  the  reaction: 

Sz  +  OH”  -►  (SOH)z  +  e“  (4) 

(SOH)z  —  (SOH)z+1  +  e“  (5) 

2(SOH)z+1  +  20H-  —  2SZ  +  02  +  2H20  (6) 

The  difference  between  the  performances  measured  in  5  M  LiOH 
and  in  1  M  KOH  is  important.  As  shown  in  Fig.  10,  the  electrode 
potential  is  largely  superior  to  0.75  V  vs.  Hg/HgO  -  1  M  KOH  at 
i  =  100  mA  cm-2  in  5  M  LiOH.  However,  if  only  the  electrolyte  pH  is 
taken  into  consideration  [71],  the  change  in  electrolyte  from  1  M 
KOH  to  5  M  LiOH  would  have  decreased  the  potential  by  0.030  V 
(Eg2/H2Q  (5  M  LiOH)  -  0.270  V  vs.  Hg/HgO  -  1  M  KOH;  (1  M 

KOH)  «  0.300  V  vs.  Hg/HgO  -  1  M  KOH).  This  observation  high¬ 
lights  important  catalytic  problems  when  operating  in  LiOH  and 
solutions  to  reduce  the  resultant  additional  overpotential  will  need 
to  be  addressed. 

4.  Conclusion 

This  study  demonstrates  the  use  of  commercial  316L  stainless 
steel  as  a  stable  OER  electrodes.  This  low-cost  material  shows  stable 
performances  over  3000  h  of  operation.  The  surface  film  respon¬ 
sible  for  these  performances  spontaneously  and  quickly  forms  by 
mild  (surface)  corrosion  phenomena,  which  result  from  the  system 
environment  (highly  oxidant  medium,  high  alkalinity  and  anodic 
potential).  It  is  composed  of  nanocrystalline  oxides  (83  at%  of  nickel 
oxides,  10  at%  of  iron  oxides  and  7  at%  of  chromium  oxides)  and  is 
formed  via  an  anodic  dissolution— precipitation  process.  In  addi¬ 
tion,  this  electrode  displays  good  physical  stability,  its  consumption 
only  amounts  to  315  nm  for  1800  h  of  operation. 

Although  corrosion  can  be  a  problematic  phenomenon,  its 
limited  impact  on  this  electrode  makes  it  highly  useful.  Indeed,  any 
deterioration  of  the  film  during  operation  will  be  spontaneously 
“healed”  by  its  reformation,  which  overall  stabilizes  both  the 
electrode  and  its  electrocatalytic  performance.  This  is  a  competitive 
advantage  for  the  316L  electrode  in  contrast  to  common  OER 
electrodes,  which  are  composed  of  a  thin  catalytic  layer  deposited 
on  a  conducting  substrate.  In  this  latter  case,  a  deterioration  of  the 
catalytic  layer  induces  irreversible  performance  losses,  because  the 
catalytic  film  cannot  be  regenerated  in  situ.  The  second  advantage 
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of  such  a  corrosion  process  is  that  a  cheap  material  matrix  can  be 
used  in  order  to  create  in  situ  a  film  highly  enriched  in  nickel  (the 
most  expensive  element  in  the  material)  with  high  electrocatalytic 
activity  toward  OER. 

Concerning  the  electrocatalytic  performances,  two  phenomena 
make  the  31 6L  electrode  highly  competitive  toward  the  OER.  The 
first  is  a  synergic  effect  ( hypo-hyper  d  interbonding  effect )  due  to  the 
presence  of  well  dispersed  Fe  and  Cr  in  the  catalytic  film.  The  second 
is  linked  to  the  increase  of  the  roughness  of  the  electrode,  which 
increases  the  electrochemical  active  surface  area.  Nevertheless,  the 
negative  influence  of  Li+  ions  also  highlights  an  important 
problem  of  catalyst  inhibition;  this  point  has  to  be  investigated 
further  to  improve  the  energetic  efficiency  of  aqueous  lithium-air 
systems. 

This  study  shows  that  stable  OER  catalysts  can  be  developed 
using  alternative  materials  than  those  studied  so  far.  Stainless 
steels,  via  their  spontaneous  adaptation  to  their  environment  are 
indeed  prone  to  generate  stable  surface  films  with  surprisingly  high 
OER  activity.  Further  development  could  be  made  by  (i)  looking  for 
industrial  processes  to  accelerate  the  formation  of  catalytic  layer 
and  (ii)  investigating  the  behavior  of  others  steels  or  alloys. 
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